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The compact measurement system for absolute density of oxy@eatom has been developed,
which employs a vacuum ultraviolet absorption spectroscd@gVAS) technique with a
high-pressure microdischarge hollow cathode laifipiCL) as a light source. The influences of
self-absorption, emission line profile of the MHCL, and background absorption of oxygen molecule
(O,) on the determination of absolute O atom density were taken into consideration. This system
has been applied for measuring absolute O atom densities in an inductively coypidas®a. O

atom densities were estimated to be on the orderof@?—1x 10 cm ™3 at an input power of 100

W and an Q pressure ranging from 1.3 to 26.7 Pa. The behavior of O atom density measured using
VUVAS technique was consistent with that obtained by actinometry technique using O emission
intensities of 844.6 nm and 777.4 nm lines. Moreover, the lifetime of O atom in the afterglow
plasma has been measured. The decay curves of the O atom density were fitted with exponential
functions. The extinction process of O atom in the inductively coupledpfasma has been
discussed. ©€2003 American Institute of Physic§DOI: 10.1063/1.1582386

I. INTRODUCTION actions of O atoms. The value of the surface loss probability

is much useful for modeling and simulation of plasmas as
Oxygen-based plasmas have been extensively used fovell.

the material processing in oxidation of materials, chamber So far, measurements of O atom density have been car-

cleaning, organic polymer etchig® In the case of the for- ried out by titratiorf, actinometry,® two-photon laser-

mation of ultrathin dielectric films such as a gate oxide film,induced fluorescence spectroscdpy and absorption

the low-temperature oxidation process is highly desirableSpectroscopy’ The titration method is performed in the

compared with the conventional thermal oxidation of silicon.downstream rather than in the plasma and thus has errors due

For this purpose, the plasma oxidation method is succesd0 Postdischarge recombination. Actinometry is a simple

fully employed*® Instead of using the thermal energy, the technique which can give rglatlve densny changes in the

plasma oxidation utilizes a highly activated oxygen plasma,plasma' Two-photon' absgrpt!on Iase_r-mduced fluorescence

which includes a large amount of reactive oxyden atoms spectrospopYTALlF) IS anin situ f[echnlque, and has excel-

in the ground state, excited O atoms, O ionic species, anlémt spatial and temporal resolution compared with the other

vibrationally excited oxygen molecules §D From the methods. However, the applicable condition is restricted for
y Y9 this method, and these outstanding features are not fulfilled

viewpoint of developing the oxidation processes used in thefn most cases. The system of TALIF is rather complex and
next generation, quantitative studies on the behavior of Q,hensive, and the calibration is necessary for obtaining the
atoms in the plasma should be dedicated to the clarificationpsgiute density. On the other hand, absorption spectroscopy
of the reaction mechanism of O atoms in gas phase as well 3§ anin situ method and is possibly applied to absolute den-
on the surface, and the situ monitoring system of absolute sty measurement for the various kinds of species with ease.
O atom density in the processing plasmas is strongly re- Recently, our group has developed a measurement sys-
quired. Moreover, measurement of the loss rate of O atomgem of absolute densities of hydrogen and nitrogen atoms
in afterglow plasma enables us to clarify the reaction mechadsing vacuum ultraviolet absorption spectroscggiVAS)
nism of O atom. The knowledge of loss kinetics of O atomswith microdischarge hollow cathode laniiHCL).*>** The
is indispensable for clarifying and controlling the surface re-size of the hollow cathode was as small as 0.1 mm in diam-
eter, resulting in a high current density in the cathode, which
dAuthor to whom correspondence should be addressed; electronic mai|:S favorapl.e for attaining hlgh dissociation dggree of gases
h-nagai@nuee.nagoya-u.ac.jp and obtaining spectral emission. Moreover, since the MHCL
DElectronic mail: hori@nuee.nagoya-u.ac.jp was compact80x80x160 mm), the system for measuring
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Mono’i:hro- ...........
M On-Of_ total pressure of 1 atm and a discharge current of 10 mA. O
oDt moduiated gas was diluted by heliurtHe) in the O, MHCL. The VUV
— light from MHCL was made parallel by the MgHens and
introduced into the process chamber. The absorption pa

m troduced into th hamber. The ab t th

(b) Side View length was restricted to be 12.6 cm by using two stainless
steel pipes and the capillary plate in order to prevent the
FIG. 1 Schematic diagran_1 of ICP reactor _equipped with VUVAS systemgatyration of absorption. The VUV light passing through the
employing MHCL: (@) top view and(b) side view. plasma was focused on the slit of a VUV monochromator
) o (Acton Research Corp., ARC VM-520y the MgF, lens and

atom density can be easily installed to the process chambefetected by a photomultiplier tube. The signal was averaged
Therefore, the VUVAS system with MHCL could be applied py 5 digital oscilloscope and recorded with a personal com-
to evaluate the behavior of radicals in processingyter,

plasmas:*® Figure 2 shows the partial energy level diagram of O

On the other hand, since the energy of photons used igtom. The ground statep? 3P, is composed of three sub-
the VUVAS technique is higlt10 eV), it has been reported |eyels (1=1,2,3). The transition lines of O atom used for the

that the background absorption due to parent gases and Spgssorption measurements were *5%-2p* 3P, at 130.217
cies produced by plasmas would occur in the plasmas usinlgm' 3$0-2p*3p; 130.487 nm, and 33°-2p*3p,
reactive gases such as hydrocarbon and fluorocarB8Rs. 130 604 nm of O atom as shown in Fig. 2. The inlet slit
The background absorption has a strong influence on th@idth of the VUV monochromator was set to 1@0n, and
determination of the density of species in the case of thene wavelength resolution was within 0.4 nm. Therefore, in

measurements using absorption spectroscopy. In order {@is study, we measured the total absorption intensity for
measure the absolute O atom density in reactive plasmagree transition lines 36°—3P,,3s°—3P,,3°-3P,) of O

with high accuracy, it is important to assess the influence oftoms.
the background absorption on the absorption by O atoms.
In this study, we have established a measurement systetil. RESULTS AND DISCUSSION
of O atom d_ensity using VUVAS tech_nique empl_oyi_ng the A. Background absorption
MHCL. The influences of self-absorption and emission line
profile of O, MHCL were evaluated. This system has been ~ The broad background absorption profiles due to parent
applied to the determination of absolute O atom densities igases and species produced in the plasma are generally ob-
an O, inductively coupled plasmédCP). Moreover, the life-  Served. Absorptions around 130 nm by pareptriblecules
time of O atom in the afterglow plasma has been measure¥ithout plasma were examined using some emission lines
and the extinction process of O atom has been discussed. around 130 nm employing MHCL with different gases as a
light source. Figure 3 shows the fraction of absorptions
around 130 nm as a function of,@ressure in process cham-
ber without plasma. As the LQpressure increased, the frac-
Figure 1 shows a schematic diagram of ICP reactotion of absorptions around 130 nm increased. This fact indi-
equipped with VUVAS system employing MHCL. The ICP cated that the ©molecule absorbed the VUV light around
chamber was made with stainless steel of 50 cm in diametet30 nm. The absorptions using the N line at 124.3 nm and
and 30 cm in height. A one-turn coil antenna with a diametetthe C line at 132.9 nm were larger than that using the O line
of 30 cm was set on the quartz window at the top of theat 130.2 nm, since there are strongly absorbed by the
chamber. A radio-frequencif) voltage operating at 13.56 Schumann—Runge systéhat 130—170 nm and by two in-
MHz was applied to the one-turn coil antenna. The MHCLtense maxima at 124.3 and 124.4 nm for therblecule??
was used as a vacuum ultraviolefUV) light source for Therefore, these two lines were not adequate to be used as a
absorption spectroscopy. Detailed structure of the MHCLreference of background absorption. The absorptions using O
was described in Ref. 15. The, MIHCL was operated at a line at 130.2 nm and Hbroad peak at 128.5 nm showed

Il. EXPERIMENT
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FIG. 3. The fraction of absorptions around 130 nm as a function of O FIG. 4. The absorption intensity around 130 nm in an inductively coupled
pressure in process chamber without plasma. O, plasma at pressure of 2.7 Pa, a total flow rate of 100 sccm, and rf power

of 200 W as a function of the Opartial pressure in the CMHCL.

similar behavior in the pressure range from 1.33 to 66.7 Pa. o _ o
Consequently, we used the, Hroad peak in order to mea- center of the emission line profile where absorption is strong.

sure the background absorption at the O line. Therefore, the results shown in Fig. 4 indicate that the dis-
When the background absorption is present, the absorﬁortion of the emission prOﬁle due to self absorption in the
tion | , measured at 130.2 nm is given by O, MHCL could be negligible when the {partial pressure
in the MHCL is below 5.0 Pa. The emission of the O line
S5-1S acf1(v)[1—exp{—akof o(v) —kga}Lldv from the lamp operating at Opartial pressure of 5.0 Pa has
AT 23_1f afy(v)dv ' an intensity level sufficient to be used as a light source for

(1) absorption measurements.

In order to estimate the O line emission profile of the O
O ” B A 320 3 MHCL, the absorption intensity due to inductively coupled
of relative intensities of theS'—“Po, °S—7Py, and o plasma was measured as a function of rf power. The line

S°~2P, lines, f1(») is the emission-line profile of the light profile can be determined by means of the comparison be-
source,f,() is the absorption-line profile of the plasma (0 yeen the measured absorption intensity and the theoretical
be measured, is the absorption coefficient at the center o htion intensity as a function of plasma optical thickness
_frequency_ due to th? absorption of the O ao _thatf2(”) expressed bkL. The plasma optical thickneger O atom
is normalized to unity at center frequercken is the ab- janity in the plasmavaries with the rf power. In this study,
sorption coefficient due to the background absorption,land o ¢4 amount1%) of Ar gas was added to Ogas in the
is the absorption path length. The valuekgf is calculated  ,ceq5 chamber and the Ar emission intensity at 750.4 nm

using the following formula: was measured in order to estimate the plasma optical thick-
1 ness. Here we assumed that the dissociation rate, sh@-

Kea=— " In(1~1ga), (2)  ecules, that is the O atom density in the plasma, is propor-

tional to the Ar emission intensity, since the pressure in the

where I g, is the absorption coming from the background pjasma is constant. Figure 5 shows the measured absorption
obtained employing the Hline at 128.5 nm, as explained

wherev is the spectral frequency, (x=1-3) are the ratio

above. 100 ‘

—&— Absorption around 130.2 nm

.. Absorption around 128.5 nm '.A )
B. Characteristics of O , MHCL line profile g gol 7 ArEmEsen a4 *.'! _;

In order to estimate the self absorption in the HCL, %‘, ///.' S’,

we have measured the absorption intensities around 130 nm 8 °r /A—’ 3
in an inductively coupled ©plasma at a pressure of 2.7 Pa, E - /{ ! 108 2
a total flow rate of 100 sccm, and a rf power of 200 W. 82 40t ," g
Figure 4 shows the absorption intensities around 130 nm in % __./-/‘ ,’A 2
O, ICP as a function of @partial pressure in the OMHCL. § 20} A 5
The absorption intensity was almost constant in thep@r- L A____A._.,A-AA ua 00 &
tial pressure range up to 5.0 Pa. Then, the absorption inten- oL TRl
sity decreased with further increasing @artial pressure in 10 100 1000
the O, MHCL. The self absorption in the lamp at high, O rf Power (W)

pressure !’esu'ted in _the decrease of the_ abs_orptio_n iNtensigys. 5. The measured absorption intensities, the Ar emission intensity, and
because it preferentially weakens the line intensity at th@ackground absorption as a function of the rf power in probed plasma.
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FIG. 6. Calculated average absorption intensity for O resonance lines as a
function of plasma optical thickness for various valuesiof_ /Avy . The
measured absorption intensity is plotted as a function of the plasma optical
thickness, assuming that the Ar emission intensity is proportional to the
plasma optical thickness.
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A
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intensities at 130.2 nm, the Ar emission intensity, and back- b3 L anie E
ground absorptioimeasured using fpeak at 128.5 njnas
a function of rf power in the plasma. The measured plasma
conditions were maintained at a total pressure of 2.6 Pa and
a total flow rate of 100 sccm. The,®MHCL was operated at
a total gas pressure of 1 atm, @artial pressure of 5 Pa, and
a discharge current of 10 mA; under this condition, the self 100 1000
absorption should be negligible as indicated in Fig. 4. Theo- rf Power (W)
retical absorption intensity was calculated as follows. The
emission intensities of the three lines from theMMHCL are ~ FIG. 7. (a) Absolute O atom density from VUVAS measurement dhbjl
calculated from the transition probabilify, that is, the ratio relative O atom density obtained using actinometry technique as a function

. . . 30 3 " 30 3’ of the rf power at a pressure of 1.3 Pa angdflow rate of 100 sccm.
of relative intensities of the’S°-°P,, °S°-°P;, and

33°—3p, lines is assumed to be 1, 0.618, and 0.195. Here . - .
population of lower levels, and therefore, absorption coeffi-of thg theoretical CUIVes. As seen in Fig. 6, the pomt§ are
cients at corresponding transitions, are assumed to f0||0\).0’e” fitted by the theoretical CurVAVL/AV.Dz.l'l'. Thus, it
Boltzmann distribution. The absorption profiles of O atom'® reasonable to assume that' the O emission lines frgm O
lines for the measured plasma are assumed to be GaussifliiCL have a Voigt profile withAv, /Avp=1.1. We have

profiles corresponding to the O atom temperature of 300 K_estimated the influence of the temperature of the O atom on

The emission line profiles for OVHCL are assumed to be the estimatio_n of absolute densities. Ev_en if temperatures of
\Voigt profiles, because the VMIHCL is operating at high- the O atoms in measured plasmas and in t@(MBIC.L.were
pressure dischargél atm) and the Lorentz broadening is as high as 1000 K, the calculated O atom densities do not
relatively large. The average absorption intensity for three d:hange twice.

lines is evaluated for various values afyv, /Avp in the
Voigt profiles, whereAv, is the Lorentz andAvp is the
Doppler width.A vy is determined by an O atom temperature Using the VUVAS system employing the ,OMIHCL

of 300 K. Even if the fast excited O atoms with high tem- with the line profile parameter estimated above, we demon-
perature arising from dissociative excitation of @olecules  strated the determination of absolute O atom density in in-
exist, they will be readily thermalized before they emit theductively coupled @ plasmas. In addition, relative O atom
light because of high-pressure dischatgbout 1 atm Fig-  density has been obtained using the actinometry technique. A
ure 6 shows the calculated values of the average absorptimmall amount of argoitAr) gas(1%) was added to the O
intensity due to the three O transitions as a function of thegplasma. The relative O atom density was measured from the
plasma optical thickness, where the plasma optical thickned® emission intensities of 777.4 and 844.6 nm lines divided
means the absorption coefficient multiplied by the absorptiorby normalized Ar emission lin€750.4 nm intensity(divided
length. The absorption intensity taken into account the backby Ar density.

ground absorption as shown in Fig. 5 is repotted as a func- Figures Ta) and 1b) show the absolute O atom density
tion of the Ar emission intensity, where the proportionality measured by VUVAS and relative O atom density obtained
constant between the Ar emission intensity and plasma optidsing the actinometry technique as a function of rf power at
cal thickness is chosen so that the data points closely fit ona pressure of 2.7 Pa, ang @ow rate of 100 sccm. As shown

Relative O Atom Density (arb. units)

(=
-

-
o

C. Measurement of absolute O atom density
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100 T — electron-impact dissociative excitation of the @olecule
(b) due to a high-energy electron would be small under our con-
ditions. The behavior of the absolute O atom density deter-
-+ Actiometry (844.6 nm) A mined using the VUVAS technique was also consistent with
- -A-- Actiometry (777.4 nm) R that obtained from the actinometry technique using 844.6
A and 777.4 nm emission lines. However, the increase of O
ﬂ atom density determined using the VUVAS technique differs
10F s ] from that obtained from the actinometry technique using
6“ 844.6 and 777.4 nm emission lines. This tendency was re-
ported in Ref. 24. This is because some assumptions of acti-
A nometry are not fulfiled under the condition of high rf
s power.
2 Figures 8a) and &b) show the absolute O atom density
measured by VUVAS and relative O atom density obtained
using the actinometry technique as a function of total pres-
sure in the process chamber at an f@w rate of 100 sccm
Pressure (Pa) and rf power of 100 W. As shown in Fig(®, the absolute O
FIG. 8. () Absolute O atom density from VUVAS measurement ahii ~ atom density increased fromx110'* to 1 10"*cm™2 when
relative O atom density obtained using actinometry technique as a functiobotal pressure increased. The relative O atom density ob-
of total pressure at Oflow rate of 100 sccm and rf power of 100 W. tained using 777.4 nm and 884.6 nm emission lines also
increased with the increase of total pressure as shown in Fig.
in Fig. 7(a), the absolute O atom density increased from 18(b). The behavior of absolute O atom density determined
X 10*2 to 4x 103 cm ™3 when the rf power increased from 20 using the VUVAS technique was also consistent with that
to 500 W. The dissociation fraction is estimated to be aboutbtained from the actinometry technique using 844.6 and
6% at a rf power of 500 W. These absolute O atom densitieg77.4 nm emission lines.
measured in this study are equal to the O atom density mea-
sured by neutral mass spectrometry in an ICP reported pr
viously elsewheré® On the other hand, relative O atom den-
sities obtained using 777.4 and 884.6 nm emission lines In order to clarify the loss kinetics of the O atom in, O
increased slowly with the increase of rf power as shown inplasma, the decay of the O atom density in thea@erglow
Fig. 7(b). These two emission lines have different electron-plasma was measured, and the surface loss probability of the
impact excitation cross section of oxygen atom and excita© atom on the stainless-steel wall was estimated. Figure 9
tion of oxygen atom by electron-impact dissociative excita-shows typical decay curves of O atom densities in on—off
tion of molecular oxygefi. It is known that the O atom modulated @ ICP at a pulsed rf power of 50 \ibn period
density obtained using the 884.6 nm emission line show83 ms, off period 67 ms pressures of 0.67-6.67 Pa, and a
behavior of exact density rather than that obtained using th#ow rate of 100 sccm. These decay time measurements were
777.4 nm emission line. However, the behavior of the absoearried out under the condition where the background ab-
lute O atom density obtained from the actinometry techniquesorption was not observed. As is apparent in Fig. 9, the decay
using 844.6 nm, was consistent with that using 777.4 nnturves of the O atom density measured at various pressures
emission lines under our conditions. This consistency indiwere well fitted with exponential functions, and the slope of
cated that the generation of excited O atoms by means dhe decay curve was steeper for the lower gas pressure.

Relative O Atom Density (arb. units)

1 5 10

%. Loss kinetics of O atoms in O , plasma afterglow
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this rate equation, we have obtained a single exponential
40+ - function for the decay of O atom concentration in afterglow
- o= 0-022_ _____ e. plasma
el e o - N(0) =No(O)exp —t/7g), @
[ T e . L .
g ............... whereNy(O) is the initial density of O atoms. Therefore, the
5 . measured decay time constant corresponds torgheThis
% 20+ o= 0.1 lifetime is well represented by the following equation:
E L e 2
E e PAg | 2lg(2—a)
. B e e o=7p * : 6)
g1or e e 1o va
O | e e a=1. ) . e -
A rET e wherep is pressureD is the diffusion coefficient for O at-
ol . . . oms in G, Ag is the geometrical diffusion length deter-
0 2 4 6 mined by the chamber structure[A, 2= (m/L)?
Pressure (Pa) +(2.405R)?: in the present study, height is 30 cm and

radiusR is 20 cm, |;=V/S with the volume ¥) band sur-
FIG. 10. _The decay time constant of the O atom density as a function ofgce ared9) of the chamber, andis the velocity of O atoms
géii;sure in @plasma afterglow at rf power of 50 W and @ow rate of 100 given by (S(T/ﬂ'M)l/z [T and M are temperatur¢300 K)
’ and mass of O atoms, respectively, &id Boltzmann con-
stani. « is the surface loss probability on the chamber wall.
Figure 10 shows the decay time constant of the O atonD was determined to be 2910* cn? Pa/s. This value was
density as a function of pressure in @fterglow plasma at a derived from theoretical calculatio@t 300 K) to be by the
rf power of 50 W and an @flow rate of 100 sccm. The Chapman—Enskog theory with the Lennard-Jones intermo-
decay time constant was increased with increasiagp@s-  lecular potentiaf®>2® From this result, the surface loss prob-
sure in the process chamber. Here, the loss mechanisms albility on the stainless steel wall was decreased from 0.1 to
the O atom have been discussed. The possible loss mecha022 with increasing ©pressure. These results are almost
nisms for the O atom are the removal by pump action, thehe same order reportédlt has been reported that the sur-
gas-phase recombination, and the diffusion followed by walface reaction probability has a strong function of discharge
recombination. The residence time under our conditions wasonditions such as power, pressure, and the presence of ion
230-2300 ms, and longer than the observed decay timebombardment. Moreover, the history of wall exposure to re-
Therefore, the pump action can be dismissed as a possibéetive gases could play a significant role in altering the sur-
loss mechanism. The relevant gas-phase reactions were takiate reaction probability, even though the wall may nomi-
into consideration nally have the same compositiéh.

() O+0+M—0,+M k=2.1x10"% cmPs?,
IV. DISCUSSION

1 — — 33 61
(I O+0+0,("4)—20, k=7.4x10 cmes =, We have developed a VUVAS system employing O

MHCL and established a measurement method for absolute
O atom densities in process plasmas. The self absorption in
_ 15 -1 the lamp was reduced by decreasing thep@rtial pressure
(V) 0+0;—20; k=9x10 o' s, in the O, MHCL below 5.0 Pa. The background absorption
These reaction constants are too small to account for thfr O, was evaluated employing the,iroad peak, since the
observed decay timdghe O, density is taken to be 0.1% of @absorptions using O line at 130.2 nm and bfoad peak at
total density.’® Therefore, the gas-phase recombinationl28.5 nm showed similar behavior in the pressure range
could be dismissed. Thus, diffusion followed by wall recom-from 1.33 to 66.7 Pa. The line profile of,QMHCL was
bination would be the main loss mechanisms for the O atonesStimated to be a Voigt profile with v, /Avp=1.1 at the O
The extinction of the O atom in the afterglow is given by atom temperature of 300 K by means of a comparison be-
tween the measured absorption intensity and the theoretical
absorption intensity as a function of rf power. This system
has been applied to the determination of absolute O atom
density in the processing plasma. Absolute O atom densities
whereN(O) is the O atom density(x) is the density of the in the O, rf ICP were estimated to be on the order of 1
main reaction species with O atoms, is the diffusion life- X 10%—1x 10" cm™3, when the Q pressure increased from
time of the O atom, and, is the reaction rate constant be- 1.3 to 26.7 Pa at an ICP power of 100 W. The behavior of
tween O atoms and reaction species. As shown in Fig. 9, thabsolute O atom density employing the VUVAS technique
decay time constant of O atoms increases with the increasgas almost consistent with those obtained from the actinom-
of O, pressure. The contribution of gas phase reaction to thetry technique using 844.6 and 777.4 nm emission lines. This
loss reaction of O atoms is small as described above. Thereonsistency indicated that the generation of excited O atoms
fore, the termk,N,(O)N(x) in Eq. (3) is negligible. Solving by means of electron-impact dissociative excitation of the O

() 0+0,+0,—0;+0, k=6x103 cmPs?,

dN(O)  N(O)
5= —kNp(O)N(x), 3)
Td
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for the O atom would be diffusion followed by wall recom- 12;198?'](' . Terepi and T. A, Milr, 3. Appl. PhyS7. 505 (1995

. . - . ngeliki D. Tserepi and T. A. Miller, J. Appl. Phy3.7, .
bination. The surface loss probability on the stainless stte;J_ Matsushita, K. Sasaki, and K. Kadota, Jpn. J. Appl. Phys.. Pag 1

wall decreased from 0.1 to 0.022 with increasing O  4747(1997.

pressure. 143, P. Booth, O. Joubert, J. Pelletier, and N. Sadeghi, J. Appl. BBy&18
(199).
ACKNOWLEDGMENTS 153, Takashima, M. Hori, T. Goto, A. Kono, M. Ito, and K. Yoneda, Appl.

Phys. Lett.75, 3929(1999.
The authors would like to thank Professor Akihiro Kono, *°S. Takashima, S. Arai, A. Kono, M. Ito, K. Yoneda, M. Hori, and T. Goto,

Center for Cooperative Research in Advanced Science ang?: Va¢: Sci. Technol. A9, 599(200D. .
p nldIJ—L Nagai, S. Takashima, M. Hiramatsu, M. Hori, and T. Goto, J. Appl.

Tecr_mology and Dr. Seigou Tal_<ashima, Nppon Laser & Elec- Phys.91, 2615(2002.

tronics LAB for useful discussions. 185, Takashima, A. Kono, K. Yoneda, M. Hori, and T. Goto, J. Appl. Phys.
90, 5497(2000.

19K, Tachibana and H. Kamisugi, Appl. Phys. Letd, 2390(1999.

10. Joubert, J. Pelletier, and Y. Arnal, J. Appl. Ph§s, 5096(1989. - h :
20H, Ito, K. Teii, H. Funakoshi, M. Hori, T. Goto, M. Ito, and T. Takeo, J.

2T. E. F. M. Standaerét al, J. Vac. Sci. Technol. A9, 435(2001).

3S. Panda, D. J. Economou, and L. Chan, J. Vac. Sci. Technb®, 898 Appl. Phys.88, 4537(2000.
(2001). 21H, Okabe,Photochemistry of Small Moleculé@/iley, New York, 1978.
4K. Kim, M. H. An, Y. G. Shin, M. S. Suh, C. J. Youn, Y. H. Lee, K. B. Lee, -Y. Tanaka, J. Chem. Phy80, 1728(1952.
and H. J. Lee, J. Vac. Sci. Technol.1B, 2667(1996. *H. Singh, J. W. Coburn, and D. B. Graves, J. Appl. Pi8@ 3748(2000.
5T, Ueno, A. Morioka, S. Chikamura, and Y. lwasaki, Jpn. J. Appl. Phys.,?*Y. Kawai, K. Sasaki, and K. Kadota, Jpn. J. Appl. Phys., P&6,2.1261
Part 239, L327 (2000. (1997).
M. Brake, J. Hinkle, J. Asmussen, M. Hawley, and R. Kerber, Plasma®’R. C. Reid, J. M. Prausnitz, and T. K. Sherwodtie Properties of Gases
Chem. Plasma Proces. 63 (1983. and Liquids(McGraw—Hill, New York, 1977.
7J. P. Booth and N. Sadeghi, J. Appl. Phy8, 611 (1991). 2R, A. Svehla, NASA Tech. Rep. No. R-132, 1962.

Downloaded 29 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



